The present study investigates various effects of MEMS-based microfluidic fuel cell on the performance of direct formic acid microfluidic fuel cells that breathe air as an oxidant. A miniaturized fuel cell of the structure and design of a typical T-shaped air-breathing Direct Formic Acid Fuel Cell with micro channel is 1.5 mm x 25 mm in width multiply length. Both anode and cathode electrode having a width and length of 0.6 mm and 20 mm, respectively, with an electrode spacing of 0.3 mm. An air-breathing microfluidic fuel cell having a 0.6 mm in width and 20 mm in length that is placed on cathode GDE down-side. In such systems for the fluid delivery, both formic acid (0.5 M) as a fuel solution mixing sulfuric acid (0.5 M) at a node channel side and as an electrolyte used sulfuric acid (0.5 M) place take on the cathode channel side are injected together into the end of the channel outlet by two syringe pumps. Firstly, a three-dimensional microfluidic fuel cell model was established using Computational Fluids Dynamics to simulate the fuel cell performance. Further, both V-I curves obtained from simulation and published experimental data under similar operating condition were compared to assure the validity of the simulation. Modelling the transport and electrochemical phenomena were described with hydrodynamic equations, the porous media flow, mass transport, electrochemical reaction and charge equation. The porous media flow in the gas diffusion layer was described by Brinkman equation. The Butler-Volmer equations were applied to get the V-I-P curves. An anode electrode surface performance, respectively, is presented.
Introduction
In recent years, the power generation for small power applications has been growing rapidly along with the begin abandonment of conventional power plants based on fossil fuels. Many renewable energy sources are used as micro-scale power generation which can be mass-produced with a microscale miniaturization technology [1, 2] . An application of micro-scale renewable energy generation has increased very significantly. In particular, micro portable devices that can be operated continuously for a long time without needing to be replaced and recharged periodically. In connection with the scale of power generation, micro-scale power well-designed has some advantages, i.e. more flexible, more efficient, more reliable related in diverse power input, higher energy density, higher power density, lower to zero emissions, lower noise pollution, lower maintenance, longer lifetimes, 2 wide range of applications, easier to control, no interrupts if integrated into the system, allowing for combined as the hybrid power generation [3, 4] .
Microfluidic fuel cells as a novel technology that can be miniaturized and having a higher energy density than traditional membrane fuel cells and conventional Li-battery. Fuel cells have a high energy density, performance can be longer at operating time span, and only depends on the size volume of the fuel storage. Conversely, the batteries have a shorter operating time span which needed recharging again and is determined by the dimension of the battery as energy storage. A novelty design and structure of microfluidic fuel cells, also known as membrane less micro fuel cells (MFCs) or laminar flow-based fuel cells (LFFCs). Membrane-less microfluidic fuel cells (MFCs) is a miniaturized fuel cell without needing a proton membrane. They use an electrolyte as a substitute of the membrane which used to exchange proton. Microfluidic fuel cells contain liquid fuel and oxidant that flowing side by side along the microchannel [5] [6] [7] [8] [9] . Microfluidic fuel cells utilize the drawback of diffusive and convective mixing fluid by applying laminar flow at low Reynold number separate the fuel and oxidant, also to eliminate polymer membrane used in traditional fuel cells. Fluid flows either flowing through, flowing over, flowing between a top and down along the anode and cathode electrode. In the channel cell and porous media, mixing of the species can be occurred only in the diffusion process. The performance by enhancing an efficiency of current air-breathing microfluidic fuel cells have been investigated [10] [11] [12] .
The aims of this study are to investigate various effects on the performance of direct formic acid microfluidic fuel cells that breathe air as an oxidant. Three-dimensional numerical simulation is developed for a formic acid air-breathing microfluidic fuel cells with flow-over anode-cathode electrode. The present computational model simulation is validated towards the experimental study and others published data.
Numerical Model

Structural model, dimensions, and experiments
A model of T-AMFCs having the dimension design of micro channel is 1.5 mm x 25 mm in width multiply length. In addition, both anode and cathode electrode having a width and length of 0.6 mm and 20 mm, respectively, with an electrode spacing of 0.3 mm. An air-breathing microfluidic fuel cell having a 0.6 mm in width and 20 mm in length that is placed on cathode GDE down-side. In figure 1 illustrates the structural model of a T-shape AMFCs. The model formed by seven layers that are composed of a fuel channel, electrolyte channel, oxidant channel (air-breathing at cathode electrode), anode electrode reaction catalyst layer, anode porous electrode gas diffusion layer, cathode electrode reaction catalyst layer, cathode porous electrode gas diffusion layer. In detail, the microchannel having two inlets, both anode inlet as fuel (formic acid mixed with sulfuric acid) and cathode inlet are filled with sulfuric acid as a proton conductor. The air-breathing cathode is exposed to the ambient air supply as well as the oxidant and penetrate into the porous electrode in contact with the electrolyte solution to generate water at the end of the channel outlet. A miniaturized fuel cell of the structure and design of a typical T-shaped air-breathing DFAFC shown in figure 1 . In such systems for the fluid delivery, both formic acid (0.5 M) as a fuel solution mixing sulfuric acid (0.5 M) at a node channel side and as an electrolyte used sulfuric acid (0.5 M) place take on the cathode channel side are injected together into the end of the channel outlet by two syringe pumps. While sufficiency of the oxygen supply from the air is chosen as an oxidant. The electrolyte solution was added to both anode and cathode electrolyte channel to serve sufficiency proton ions, also the better proton conductivity at the electrochemical kinetic reactions. The anode and cathode porous electrode are deposited on the bottom side of a microchannel. In both the acolyte (fuel solution) and catholyte (electrolyte solution) stream takes place to contact and a reaction of the species so that proton ions produced at the anode side can transfer from the anolyte to the cathode electrode. In the air-breathing system, a stream of oxygen is exposed to the ambient air supply as well as the oxidant, and from cathode GDL bottom side penetrates into the porous electrode in contact with the electrolyte solution to generate water at the end of the channel outlet. The bottom surfaces of the anode and cathode electrode are electric ground and electric potential, respectively. They are as current collectors that generate an electronic conductivity connected to an electronic load circuit. The following is a three-dimensional design display for generic drug packaging leak testing machines: In the numerical simulation value of the fuel cell as shown in Fig. 2(b-d) , with a fuel concentration of 0.5 M, the maximum power density of the fuel cell was approximately 17.15 mW/cm 2 , 19.81 mW/ cm2 , and 25.65 mW/cm 2 at 0.05 mL/min, 0.1 mL/min, and 0.5 mL/min, respectively. The cell performance has a maximum power density of 36.78 mW/cm 2 at a current density of 105.1 mA/cm 2 at a fluid volumetric flow rate of 0.5 mL/min. The cell performance increases along with increasing fluid flow velocity of the microchannel cell. This will enhance fuel crossover at the cathode consequently, it will decrease a concentration of anolyte and catholyte stream.
Results and Discussion
COMSOL model validation
The performance of I-V and power density curve are presented in figure 2 (a-d) , respectively. Explicitly, the cell performance I-V and power density rise gradually in the concentration of fuel. Even though, the exchange current density on electrode of each curve in figure 2 (b-d) are not proportional to the concentration of fuel as well as the maximum power density in Fig. 2(b-d) . As in the case of the cell performance for 0.5 M-HCOOH with volumetric flow rate of 0.5 mL/min in Fig. 2  (b-d) , the cell current density on anode electrode increases from 96.27, 112.29, and 148.53 mA/cm 2 , respectively, only as the fuel concentration increase from 0.3 M to 1 M-HCOOH at the proton conductivity of 16.7 S/m. In this case indicate that even though a stronger volumetric flow rate can enhance the transport of fuel to the anode electrode, this influence alleviates gradually and the concentration loss because of the inadequate transport of oxygen from ambient air into gas diffusion layer to the cathode electrode surface occurs lastly. In general, stronger volumetric flow rate and concentration will increase the cell performance, including the cell current density and the cell power density.
Fuel concentration distribution
The cell performance evaluated by a change of fuel concentration and oxygen concentration in the microchannel. Since the microfluidic fuel cell running on laminar flow, changes in the laminar flow velocity in the microchannel will effect of reactant transport and fuel cell performance. Depletion of fuel occurs at a high volumetric flow rate is replenished by the fuel stream rapidly. The fuel concentration profiles have the diffusion region becomes to change and moves to the channel outlet along with the volumetric flow rate increasing that will cause depletion fuel at the cathode channel outlet. The fuel losses at the channel outlet caused by mixed diffusion of different concentration and a high volumetric flow rate along with microchannel. 
The local current distribution on the electrode surface
The current distribution generated on the electrode surfaces lower than the current distribution generated in the mid-plane along the channel due to the current that generated on the electrode surface closer to the catalyst layer in the electrochemical reaction process. The current density of the cathode electrode is negative, this matter corresponds to the oxidation reduction reaction where the electron leaves the cathode electrode move to the anode electrode. In this case, considering the cathode electrode has a negative overvoltage in which the actual voltage is lower than the reversible voltage, so the oxygen reduction reaction that dominates. In the operating fuel cell, the reduction of oxygen takes place of the cathode electrode. Moreover, the oxygen reduction of the cathode reaction needs a more significant overvoltage than the anode reaction. The current density distribution that affected by oxygen diffusion, seem uniform on the surface of the cathode catalyst. The local current density on the surface of the cathode catalyst layer is smaller than at the anode catalyst layer due to limitations of the diffusion that the reaction on the surface cannot be employed fully. The current distribution in the cathode catalyst layer reaches a maximum current as a function of the mass transport resistance, the ionic resistance, and charge transfer resistance. This means that the maximum current distribution in the cell is a function of the maximum depletion of the oxygen concentration in the outlet side of the channel and also the amount of the oxygen can be reacted and brought to the electrode surface of the mass transfer conditions. The increase current density corresponding with a decrease in oxygen concentration in the cathode catalyst layer. It seems that the local current density is almost uniformly shifted to the right side on the surface of the anode electrode. The local current density is low near the inlet, and gradually increases along the flow channel toward the channel middle, then decreases in the region near the outlet. The cell performance is higher in near the inlet region related to better electrolyte conductivity (lower ohmic overvoltage). The cell performance is lower in near the outlet because of higher the water flooding in
Conclusions
The results in this study represented measuring experiment and numerical simulation which performance HCOOH concentration of 0.5 M the maximum power density of the fuel at 0.5 0.6, 0.7 mL/min for experimental was approximately 31, 32.16, and 31 mW/cm 2 , respectively, while the maximum power density of the fuel at 0.5 mL/min, for numerical simulation was approximately 21.34, 25.65, and 36.78 mW/cm 2 , respectively. The result of the present study reveals that the cell open circuit potential slightly increased along with the increase of the fluid flow rate on the fuel reactant solution. The fuel mass transport pass through a microchannel above anode electrode is limited by species mass transfer and will enhance proton crossover in the cell. The major effects of proton/fuel crossover are a decrease of open circuit potential, and reduce the concentration of fuel above the anode electrode caused by mixing potential. In addition, that performance microfluidic fuel cells are affected by five factors, including electrolyte concentration, reactant concentration, microchannel geometry, fluid flow rate, electrode arrangement. This model presents concepts into the couple mass transport process and electrochemical reaction kinetics of an air-breathing microfluidic fuel cells, and can guidance future design and optimization. The local current density in the microfluidic fuel cells with different operating conditions of flow rate and concentration have experimentally measured and numerical simulation. The optimum cell performance occurs in the electrode region that have the most of the average distributed current density profiles. Further work in this field is the development and continued improvement of an air-breathing microfluidic fuel cell, including fuel utilization and power density in the near future to obtain the cell performance as a function all of the relevant parameters constant. In addition, in connection with the performance of fuel cells is necessary to develop a study of bubble formation inside the microchannel.
